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Adaptive radiotherapy (ART) has recently been introduced to restore the planned dose distribution by account- 
ing for the anatomic changes during treatment. By quantifying the anatomic changes in nasopharyngeal car- 
cinoma (NPC) patients, this study aimed to establish an ART strategy for NPC cases. A total of 30 NPC 
patients treated with helical tomotherapy were recruited. In the pretreatment megavoltage CT images, the ana- 
tomic changes of the posterolateral wall of nasopharynx (P-NP), neck region and parotid glands were 
measured and assessed. One-way repeated measure ANOVA was employed to define threshold(s) at any time- 
point. The presence of a threshold(s) would indicate significant anatomical change(s) such that replanning 
should be suggested. A pragmatic schedule for ART was established by evaluating the threshold for each par- 
ameter. Results showed the P-NP, parotid gland and neck volumes demonstrated significant regressions over 
time. Respectively, the mean loss rates were 0.99, 1.35, and 0.39 %/day, and the mean volume losses were 
35.70, 47.54 and 11.91% (all f< 0.001). The parotid gland shifted medially and superiorly over time by a 
mean of 0.34 and 0.24 cm, respectively (all P< 0.001). The neck region showed non-rigid posterior displace- 
ment, which increased from upper to lower neck. According to the threshold occurrences, three replans at 9th, 
19th and 29th fractions were proposed. This ART strategy was able to accommodate the dosimetric conse- 
quences due to anatomic deviation over the treatment course. It is clinically feasible and would be recom- 
mended for centers where an adaptive planning system was not yet available. 
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INTRODUCTION 

Intensity-modulated radiotherapy with image-guidance tech- 
nique (IG-IMRT) is commonly used in treating head and 
neck (HN) cancer nowadays. Daily image guidance using com- 
puted tomography (CT) such as cone-beam (CB) CT [1-3] and 
megavoltage (MV) CT [4] provide volumetric images for treat- 
ment verification. This allows precise set-up error correction 
prior to each fraction of treatment. Nevertheless, HN cancer 
patients usually experience non-rigid anatomic changes such 
as radiation-induced tumor/parotid shrinkage and weight loss 
throughout the prolonged radiotherapy course (6-8 weeks) 
[5-9]. These changes could not be corrected by simple couch 
shifting and could lead to violation of the original treatment 



plan that results in poor target coverage and/or overdosing 
to surrounding organs-at-risk (OARs). The potential conse- 
quences would be decreased tumor control and/or severe 
complications [10-13]. Adaptive radiotherapy (ART) has re- 
cently been introduced, in which the treatment plan is modi- 
fied according to the tumor response and organ deformations 
during a radiotherapy course. By restoring the initial planned 
dose distribution, ART minimizes the unintended normal 
tissue toxicity and maintains the tumor coverage. 

ART on a daily basis, i.e. to perform plan modification 
daily, could heavily increase the department workloads as CT 
scanning, contouring and plan optimization would need to be 
repeated every day. Organ changes in HN cases were shown to 
follow a progressive trend rather than random changes [5-7]; it 
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is therefore possible to deploy ART on an interval basis i.e. 
only when significant changes are observed. This approach po- 
tentially reduces the need for related overheads, time and man- 
power with improved dosimetric results. Various studies in HN 
cases have demonstrated the dosimetric benefits of replanning 
once at the mid-course of treatment. Hansen et al. [14] repeated 
CT scanning after 19 (mean ±6) fractions of treatment for re- 
planning purposes and showed improvement in target coverage 
and OAR dose reduction. Kuo et al. [9] carried out replanning 
after 25 fractions for patients with enlarged neck lymph nodes 
and showed that replanning according to the parotid medial 
shift caused by lymph node regression (>50%) could provide 
the dosimetric benefit of more than 3 Gy reduction in the mean 
dose. Wang et al. [15] conducted a similar study on nasopha- 
ryngeal carcinoma (NPC) patients. They showed that although 
the target coverage was maintained with more high-dose region 
presence in targets, the doses to various OARs increased sig- 
nificantly (0.05-7.8 Gy) if no replanning was performed after 
1 8 fractions of treatment. Consistent results were found in the 
study of Kim et al. [16]. They also reported insignificant dose 
changes to targets but significantly higher doses to parotids, 
brainstem and spinal cord without replanning. Previously, our 
team demonstrated that a three-phase adaptive approach in 
NPC gave significant improvement in sparing the OARs while 
keeping satisfactory target dose coverage [17]. Although this 
study revealed that multiple replannings were deemed neces- 
sary for NPC, there is as yet no consensus on when and how 
often the replanning should be performed. Reports on defining 
ART strategy are lacking. In our center, most NPC cases are 
treated with helical tomotherapy and daily megavoltage com- 
puted tomography (MVCT) is routinely performed for on-line 
treatment verification. These images provide valuable anatomic 
information on the progressive organ changes over time. Using 
the MVCT images, this study first quantified and characterized 
the volumetric and geometric changes of tumors and OARs in 
NPC patients. An ART strategy for NPC was then established 
by defining various thresholds that indicated significant ana- 
tomic changes and hence the need for replanning. 

MATERIALS AND METHODS 

Patient characteristics 

We recruited a total of 30 NPC cases treated with Hi-Art 
tomotherapy (TomoTherapy Inc., Madison, WI) in 2006- 
2008. All patients received a three-phase radiotherapy proto- 
col with a total of 37-38 fractions, in which there were 25 or 
30 fractions in phase one (PI), 5-10 fractions in phase two 
(PII) and 2-A fractions in phase three (PHI). Repeat CT scan- 
ning and replanning were performed for PII and PHI. Table 1 
presents the patient characteristics for this study. All patients 
recruited were newly diagnosed with NPC without distant 
metastasis at the time of treatment. The majority (50%) of 
patients suffered from Stage III disease. Histologically, all 
except one patient were diagnosed as having undifferentiated 



carcinomas. Concurrent chemotherapy was given to those 
patients with Stage 11 to Stage IV disease. In particular, 73% 
and 27% of patients received a total of 38 and 37 fractions of 
treatment, respectively. 

Treatment planning and delivery 

All patients were immobilized with T-VacLok and thermo- 
cast (Med-Tec Inc., Orange City, lA) under the HN region 
during CT simulations and treatment. The same oncologist was 
responsible for all target volume delineation for plan generation. 

Table 1. Patient and disease characteristics 

No. of patients % 



Gender 

Male 23 77% 

Female 7 23% 
Tumor stage 

Tl 9 30% 

T2b 16 53% 

T4 5 17% 
Nodal stage 

NO 7 23% 

Nl 5 17% 

N2 16 53% 

N3a 1 3% 

N3b 1 3% 
Stage group 

I 3 10% 

JIB 7 23% 

III 15 50% 

IVA 3 10% 

IVB 2 7% 
Histology 

Undifferentiated 29 97% 

sec 1 3% 

Concurrent chemotherapy 

Yes 27 90% 

No 3 10% 

6 fractions/week 

Yes 20 67% 

No 10 33% 

Total no. of fractions 

37 8 27% 

38 22 73% 
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The prescribed dose to primary targets was 79.0-84.6 Gy 
(mean: 82.6 Gy). During plan optimization, effort had been put 
into keeping the critical organ doses within acceptable toler- 
ance. The dose constraint for parotid gland was primarily set as 
a mean dose <26 Gy [18-20], but this was difficult to achieve 
due to the close proximity of parotid glands to target volumes 
and the concems about sparing other more critical organs 
(brainstem, spinal cord and optical organs). The planned mean 
dose was 35.4 Gy on average. Prior to each tomotherapy treat- 
ment, MVCT with 6-mm thickness was taken and registered to 
the corresponding planning CT for verification of patient set-up 
accuracy. The scan range was set to just encompass the target 
volumes and the bilateral parotid glands in order to minimize ra- 
diation dose to patient and patient on couch time. These MVCT 
images were exported to the Eclipse Treatment Planning 
System (TPS) (Varian Medical Systems, Palo Alto, CA) for 
geometric analysis of the selected structures. 

Volumetric and geometric analysis 

Contouring was done using the Eclipse TPS on alternate-day 
MVCTs starting from the first fraction. Altogether there were 
19 MVCT image sets for each patient, which gave a total of 
570 sets in the study. On each MVCT set, the posterolateral 
wall of nasopharynx (P-NP), bilateral parotid glands and 
neck volume covering the whole cervical spine level were 
manually contoured using consistent window and level set- 
tings. The P-NP basically included the soft tissues at the 
posterior pharyngeal wall, prevertebral muscle, fossa of 
Rosenmiiller, torus tubarius, opening of the Eustachian tube, 
and the tensor and levator veli palatini. Since NPC frequently 
arises from the lateral and the superoposterior walls of naso- 
pharynx [21, 22], the anatomic changes in the P-NP could 
directly reflect the changes of the gross tumor. Besides, the 
vertebral canals at the levels of 3 cm (VC3), 6 cm (VC6) and 
9 cm (VC9) inferior to the base of skull (BOS) were also out- 
lined. The geometric changes of these three slices of con- 
tours should demonstrate changes in the upper, middle and 
lower portion of the cervical cord as well as the correspond- 
ing neck regions. To eliminate the interobserver variance, the 
same oncologist was responsible for the contouring of the 
P-NP and the same radiation therapist performed all the normal 
structure delineation in each MVCT set for all patients. 

For each patient, the volumes of the P-NP, bilateral parotid 
glands and neck were calculated by the TPS and recorded. 
The positions of the P-NP, bilateral parotid glands, VC3, 
VC6 and VC9 were monitored throughout the treatment course. 
In each MVCT, a reference point (0, 0, 0) was defined at the 
BOS level at the midsagittal plane. As BOS is a rigid bony 
landmark, this point was easily reproducible to correlate the 
whole series of MVCT sets and therefore served as a good 
reference. The center of each structure mass (COM), which 
was expressed in positional vectors {x, y, z) relative to the ref- 
erence point, was then calculated by the TPS. In this way, the 
structure displacements in lateral (x), longitudinal {y) and 



vertical (z) directions were tracked over time. For VC3, VC6 
and VC9, the evaluation of the longitudinal displacement 
was excluded. Graphs with trend lines were plotted to visual- 
ize the specific patterns of anatomic changes over time. A 
paired ?-test was applied to compare the result before and 
after the treatment course; linear regression was used to quan- 
tify their rates of changes; and a Pearson correlation test was 
employed to investigate the association of the pretreatment 
parameters with the anatomic changes during treatment. 

Defining ART strategy for NPC cases 

During volumetric and geometric analysis, any parameters that 
showed progressive anatomic changes were under consider- 
ation for setting the ART strategy in NPC cases. One-way 
repeated measure analysis of variance (ANOVA) was applied 
to indicate the statistically significant anatomic changes (thres- 
holds) at any time-point of the treatment course such that 
replannings should be suggested. To begin with, the data in the 
first treatment fraction was compared with those in subsequent 
fractions separately until the result reached statistical difference. 
For example, if significant difference (i.e. significant anatomic 
change) was seen between the data in the 9th and the first frac- 
tion, the 9th fraction would be the first threshold point at which 
replanning was assumed. The data in the 9th fraction was then 
compared with those in subsequent fractions in order to define 
the next threshold point, and so on. In this way, the threshold 
points for each selected parameter throughout the treatment 
course could be identified. A pragmatic schedule for ART was 
ultimately established by accounting for all thresholds appear- 
ing in all parameters in terms of efficacy and feasibility. 

RESULTS 

Volumetric and geometric analysis 
P-NP 

Progressive P-NP volume reduction was observed in all 
patients throughout the radiotherapy course. The P-NP 
tended to lose volume faster in the first half of the treatment 
course (Fig. 1). At the end of treatment, the mean P-NP 
volume dropped significantly by 35.70 ± 20.06% {P < 0.001). 
Using linear regression, the mean volume loss rate was 
0.99 ± 0.55%/day. There were no significant changes in P-NP 
geometric location, with its mean COM position close to zero 
throughout the course (Fig. 2). There was a mild negative cor- 
relation between the initial P-NP volume and its percentage 
volume loss at the end of the treatment course (correlation 
coefficient = - 0.452; P = 0.014; Fig. 3). 

Parotid glands 

All parotid volumes demonstrated similar reduction trends over 
time. The mean percentage volume loss was 47.54 ± 14.27% 
(P< 0.001) at treatment completion, and the mean loss rate 
was estimated to be 1.35 ±0.39%/day (Fig. 4). The mean 
COM of the parotid gland shifted progressively towards the 
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Fig. 1. Relative P-NP volume over the treatment course. 
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Fig. 2. Relative COM displacement of P-NP in lateral, 
longitudinal and vertical direction over the treatment course. 
Lt = Left, Sup = Superior, Ant = Anterior, Rt = Right, Inf = Inferior 
and Post = Posterior. 



Correlation: Initial P-NP Volume vs its % Volume Loss 
120- 



100- 



80H 

(A 
(0 

o 
_I 

I 60- 



o 
> 



40- 



20- 




20 40 



60 



—1 — 
80 



— I 
100 



Initial Volume / cm 



Fig. 3. Correlation between the initial P-NP volume and its 
percentage volume loss at the end of the treatment course (Linear fit 
displayed). 
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Fig. 4. Relative parotid volume over the treatment course. 



40 



medial and superior aspects during treatment, and remained 
fairly constant when close to the treatment end (Fig. 5). The 
mean medial and superior displacements were 0.34 ± 0.27 cm 
and 0.24 ±0.39 cm, respectively (both P< 0.001), and the 
mean shift rate was 0.01 ± 0.01 cm/day in both directions. 
There was no specific trend for the mean parotid COM dis- 
placement in the vertical direction (Fig. 5). No significant cor- 
relation was found between the initial parotid volume and its 



percentage volume loss at the end of the treatment course (cor- 
relation coefficient = - 0.1 18; P = 0.368; Fig. 6). 

Neck volume 

All patients experienced changes of habitus in the neck 
region, manifested by a progressive reduction trend in the 
mean neck volume throughout the treatment course. The neck 
volume dropped slightly faster in the first half of the course 
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Fig. 5. Mean COM displacement of parotid gland in lateral, 
longitudinal and vertical direction over the treatment course. 
Lat = Lateral, Sup = Superior, Ant = Anterior, Med = Medial, 
Inf = Inferior and Post = Posterior. 
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Fig. 6. Correlation between the initial parotid volume and its 
percentage volume loss at the end of the treatment course. 



(Fig. 7). The mean reduction was 11.91 ±5.57% (P< 0.001) 
towards the end of treatment and the mean loss rate was 
0.39±0.15%/day. 

COM positions ofVC3, VC6and VC9 

There were no significant changes in the mean COMs of 
VC3, VC6 and VC9 in the lateral aspect during treatment. 
Nevertheless, the mean COMs of all VCs shifted 
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Fig. 8. Relative COM displacement of VC3, VC6 and VC9 in 
vertical direction over the treatment course. 



significantly to the posterior direction (Fig. 8). Progressive 
downward trends were noted in all these vertebral levels, 
with the mean COM displacements increasing with time, es- 
pecially after two-thirds of the course. Moreover, the magni- 
tude of the mean COM shift also increased from VC3 
towards VC9, which implied that there was a greater vari- 
ation in lower neck position throughout the treatment course. 
At treatment completion, the mean posterior displacements 
of the VC3, VC6 and VC9 COMs were 0.04 ± 0.22 cm 
(7^ = 0.221), 0.18±0.31cm (P = 0.006) and 0.24±0.36cm 
{P = 0.001), respectively. 

ART strategy for NPC cases 

From the volumetric and geometric analysis, the P-NP, parotid 
and neck volumes, the medial and superior displacement of the 
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Table 2. Replanning schedules for selected parameters 

Week Treatment P-NP % Parotid Parotid Parotid Neck % VC6 COM VC9 COM Total no. of 

fraction volume % COM COM volume posterior posterior thresholds 

volume medial superior shift shift 
shift shift 

Weekl 1st 0 

3rd 0 

5th ^ 1 

Week 2 7th " 1 

9th " " 2 

Week 3 1 1th 0 

13th ^ 1 

15th ^ 1 

Week 4 17th " 1 

19th a a a 3 

Week 5 21st " 1 

23rd 0 

25th ^ 1 

Week 6 27th 0 

29th ^ a a 3 

Week7 31st ^ 1 

33rd 0 

35th ^ 1 

Week 8 37th 0 
■'Indicates threshold occurrence on a particular fraction of treatment, in which replanning is suggested. 



parotid COM, and the posterior displacement of COMs of 
VC6 and VC9 demonstrated significant progressive changes. 
These parameters were under consideration for establishing the 
ART strategy in NPC cases. Table 2 lists the threshold occur- 
rences in these parameters throughout the treatment course 
based on the ANOVA results. Each threshold represented a 
statistically significant anatomic change such that replanning 
was preferred. The frequency of replanning (threshold occur- 
rence) varied between different parameters. In practical consid- 
eration, three replans at the 9th, 19th and 29th fractions were 
proposed, as most of the thresholds appeared in these time- 
points. Table 3 summarizes the corresponding degrees of ana- 
tomic changes at the proposed replanning fractions. 

DISCUSSION 

ART in NPC cases prevents excessive dose to OARs while 
maintaining the target dose, improving the dosimetric and 



hence clinical outcomes. These benefits can be maximized if 
a proper replanning schedule is adopted. Correlation between 
anatomic deviation and the adverse dosimetric effect during 
HN radiotherapy has been revealed in many studies [8, 11- 
13, 23]. ART should therefore be deployed according to the 
anatomic changes monitored throughout the treatment 
course. Figure 9a shows the progressive volume loss of the 
P-NP over time. Increased aeration of the nasopharyngeal 
region was observed when treatment progressed, and the 
opening of the Eustachian tube, the torus tubarius and the 
fossa of Rosenmiiller reappeared due to tumor shrinkage. In 
this study, the P-NP experienced volume loss with a mean 
loss rate at 0.99%/day and a mean volume loss of 35.70% by 
the end of the treatment course. Moreover, the initial P-NP 
volume was negatively correlated with its percentage volume 
loss. To our knowledge, only one study has been conducted 
to monitor the gross tumor shrinkage trend in head and neck 
cases, while none has been performed specifically for NPC 
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cases. In the study by Barker et al. [5] on HN patients, the 
gross tumor volume (GTV) had a median volume loss of 
69.5% and a median loss rate of 1.7%/day. They also showed 
that the initial GTV was positively correlated with its rate of 
volume loss, which is contradictory to the result found in the 



Table 3. Degrees of anatomic changes (mean) of selected 
parameters at the proposed replanning fractions 

Treatment fractions 





9th 


19th 


29th 


P-NP % volume loss 


14.05 % 


25.64 


% 


32.11 % 


Parotid % volume loss 


16.70 % 


30.94 


% 


43.03 % 


Parotid COM medial shift 


0.11 cm 


0.23 


cm 


0.31 cm 


Parotid COM superior shift 


0.05 cm 


0.18 


cm 


0.19 cm 


Neck % volume loss 


2.58 % 


7.76 


% 


11.54% 


VC6 COM posterior shift 


0.03 cm 


0.09 


cm 


0.15 cm 


VC9 COM posterior shift 


0.00 cm 


0.10 


cm 


0.14 cm 



current study. These discrepancies might be due to the het- 
erogeneity of primary treatment sites in the study by Barker 
et al. This highlights the need to characterize the trends in 
anatomic changes, particularly in NPC cases, for precise es- 
tablishment of an ART strategy in this group. MVCT images 
showed that the anterior portion of the P-NP had noticeable 
volume regression, i.e. became thinner throughout the treat- 
ment course (Fig. 9a). This suggested that the P-NP shrink- 
age was asymmetric and predominantly along the vertical 
axis. However, this effect was not great enough to be mani- 
fested in the statistical data, and thus the results of the P-NP 
COM displacement were not used for defining the ART strat- 
egy- 

Unlike the study of Wang et al. [23], who showed a faster 
drop in parotid gland volume in the first 3 weeks of radio- 
therapy, the present study demonstrated a gradual parotid 
volume loss over time. In addition, their systematic displace- 
ments in the medial and superior aspects were also noted 
throughout the treatment course. The decrease in parotid 
volume was due to radiation-induced apoptosis that resulted 
in rapid depletion of the parotid acinar cells [24]. Wang et al. 
[23] and Vasquez Osorio et al. [8] revealed the relation 
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Fig. 9. MVCT slices demonstrating the progressive anatomic changes in P-NP (a), parotid glands (b and c) and neck region (d) over the 
treatment course. The initial volume is displayed in purple and the updated volume is in yellow for (b), (c) and (d). 
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between planned mean parotid dose and its volume loss 
during HN cancer treatment, in which parotid glands with a 
higher planned mean dose suffered a larger volume loss than 
those with a lower planned mean dose. Similar findings were 
seen in the present study. At the 9th, 19th and 29th fractions, 
the accumulated mean parotid dose was estimated as -8.0, 
17.0 and 26.0 Gy, with a percentage parotid volume loss of 
16.70, 30.94 and 43.03%, respectively. Han et al. [13] were 
so far the only group that had quantified the trend in volu- 
metric changes of parotid glands specifically in NPC 
patients. They found that the parotid volume reduced at a 
mean rate of 1.1%/day and had a mean loss of 40.2% by the 
end of treatment. This is largely consistent with the current 
study, which showed that the parotid volume decreased by 
1.35%/day and 47.54% by the end of the treatment. Han 
et al. also monitored the actual dose delivered to the parotid 
glands throughout the treatment course and found a negative 
correlation between the parotid volume and its median dose. 
When the parotid gland experienced shrinkage and medial 
displacement during the treatment course, it consequently 
translated into the target dose region and received a higher 
actual dose than expected. This finding gave support for 
taking parotid volume into consideration during establish- 
ment of the optimum replanning strategy in the current study, 
as substantial change in the parotid volume would signal sig- 
nificant parotid dose variation that required replanning. 

The medial displacement of the parotid glands during HN 
radiotherapy has been well documented [5,7, 11, 12]. Barker 
et al. [5] and Lee et al. [7] showed a median medial shift of 
0.31 cm and 0.26 cm by the end of the treatment course, re- 
spectively, which are close to our findings. Additionally, the 
present study demonstrated the tendency of parotid shifting 
to the superior aspect. Progressive MVCT images showed 
that the parotid shrinkage occurred mostly in the lateral and 
inferior portions (Fig. 9b and c), which is consistent with the 
reports from Vasquez Osorio et al. [8] and Robar et al. [11]. 
Vasquez Osorio et al. [8] divided the parotid glands into six 
different subvolumes for investigation. They found that al- 
though all regions of the parotid tended to move inward 
when it shrank, the largest displacement occurred in the 
lateral and inferior regions. The mean displacements were 
0.3 cm in the lateral region towards the medial aspect and 
0.3 cm in the inferior region towards the superior aspect, 
whereas the medial region partially adjacent to the bony 
structures showed least inward translation (0.1 cm). Robar 
et al. [11] also assessed the geometric changes separately in 
the medial and lateral aspects of the glands during the radio- 
therapy course. A systematic medial translation was clearly 
observed in the lateral aspect of the glands but not in the 
medial aspect. During the radiotherapy course, the parotid 
glands could be displaced by the regressed lymph nodes or 
decreased neck volume [9, 10]. The parotid itself could also 
shrink asymmetrically, causing its displacement predomin- 
antly in these directions, which was also observed in the 



present study. Follow-up study should be conducted to quan- 
tify the subvolume changes. 

Figure 9d shows the alterations in the neck habitus 
throughout the treatment course in MVCT images. The neck 
volume decreased progressively over time and resulted in a 
significant drop by treatment end. This increased the risk of 
patient mispositioning inside the immobilization mask. The 
lateral cord displacement remained minimal as patients were 
aligned to the midline marked on the mask. However due to 
the loss of subcutaneous fat in the neck region, patients fre- 
quently shifted backward, which consequently led to poster- 
ior displacement of the whole cervical spine as seen in the 
present study. This effect was also demonstrated by measur- 
ing the thickness of the posterior neck at VC3, VC6 and 
VC9 levels. Figure 10 shows their progressive decrease 
throughout the treatment course. At treatment completion, the 
mean posterior neck thickness at VC3, VC6 and VC9 levels 
dropped by 6.71 ±7.04%, 9.76 ±9.42% and 11.00 ±8.46%, 
respectively. Consistent with the COM posterior displacement, 
greater variation was found in the lower neck region (VC9) 
than the upper neck region (VC3) during the treatment course. 
Similar results were presented by Robar et al. [11] and Zhang 
et al. [25], in which both studies also demonstrated largest dis- 
placement in the lower neck region. This implies that the geo- 
metric displacement of the cervical cord is non-rigid and 
therefore cannot be completely corrected by couch offset, 
even with an IGRT approach. A replanning strategy is essen- 
tial in order to correct for these geometric changes. 

Capelle et al. [26] pointed out that NPC patients should 
be targeted for routine adaptive replanning, as the large ana- 
tomic changes demonstrated in this group of patients indi- 
cates the greatest benefits from plan adaptation among all 
HN cancers. This study utilized an objective approach to 
define the ART schedule for NPC cases. Thresholds indicat- 
ing significant anatomic changes and thus the need for plan 
modification were spotted out for each selected parameter 
under statistical analysis. The ultimate ART strategy was 
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established with practical consideration to enhance efficiency 
and efficacy in the clinical environment. In this study, three 
replans at the 9th, 19th and 29th fractions are proposed. As 
in our previous study, multiple replannings during the treat- 
ment course were indicated as necessary [17]. Nevertheless, 
this study indicated one more replan that, if performed at an 
earlier stage of the treatment course, would allow better recti- 
fication of the potential overdose due to early anatomic 
deformations. Replanning using an appropriate schedule 
guarantees a prompt reaction to the shrunk tumor by con- 
forming the dose tightly to the targets, thus providing oppor- 
tunities for safe dose escalation without jeopardizing the 
surrounding OARs. This should lead to an overall improve- 
ment in dosimetric and, in turn, clinical outcomes in NPC 
cases [27, 28]. 

ART on an interval basis is feasible in NPC cases because 
the organ changes, as shown in this study, follow progressive 
trends. The proposed ART strategy provides further dosimet- 
ric improvement on top of that of IGRT, with an acceptable 
increase in departmental workload and overheads. As the 
exact fractions for plan modification are already defined, the 
process of rescanning patients, recontouring structures and 
replanning need be repeated only three times within the whole 
treatment course. This is clinically feasible and also greatly 
reduces the demands on clinical resources, e.g. machine occu- 
pancy, and on the oncologists', physicists' and dosimetrists' 
workloads when compared with a daily adaptive approach. 
On the other hand, for centers without in-room CT facilities, 
the implementation of ART would be difficult, because the 
patient anatomic changes during the treatment course cannot 
be effectively monitored. The proposed replanning strategy 
provides a standard guideline for these centers so that ART 
can be adopted more easily to improve the dosimetric outcome 
for NPC patients. Although this study was conducted in the 
tomotherapy unit, the ART strategy can also be applied in NPC 
cases that are treated with other linear accelerators. 

Wu et al. [29] assessed the efficiency of different ART 
strategies by applying the single mid-course replanning, al- 
ternate week replanning (two replans) and weekly replanning 
(six replans) to 11 patients during HN-IMRT. They con- 
cluded that significant dosimetric improvement could be 
achieved by increasing the replanning frequency from one to 
two, but not from two to six. Moreover, it was not recom- 
mended to conduct replanning more than once a week. This 
is consistent with the findings in the current study, which 
also emphasized the necessity for multiple replannings (i.e. 
>1) and suggested three plan modifications throughout the 
treatment course. Wu et al. additionally stated that rapid 
adaptation, i.e. using the new plan within the same week 
would further improve the dosimetric results. An appropriate 
replanning schedule in NPC cases is crucial because the timing 
of initiation of a replan can greatly affect the efficiency of the 
ART process. If the plan modification is conducted too early, 
e.g. at the beginning of the course, it is likely that no apparent 



dosimetric benefits will be seen as the anatomic changes are 
stiU minimal; manpower and cUnical resources for replanning 
would be wasted. If the plan modification is conducted at a 
very late stage in the treatment, irreversible dose changes may 
result because there would have been no chance to accommo- 
date the anatomical changes that appeared mid-treatment 
course. This study identified appropriate timing for 
the initiation of ART procedure during an NPC treatment course. 
Replannings at these selected time-points should maximize the 
benefits of ART application in NPC cases. 

Several studies have demonstrated a patient-specific way 
of implementing ART on an interval basis [30-32]. Instead 
of applying a standard protocol, an individualized replanning 
schedule was tailor-made for each patient according to his/ 
her own anatomic changes during treatment. The process of re- 
planning was initiated once a significant change was observed. 
Schwartz et al. [30] report concerning 22 oropharyngeal 
cancer patients, for whom the replanning process was insti- 
gated during dose recalculation from the daily CT images 
whenever there were significant changes in anatomy which 
resulted in a geographical miss of the target or inadequate 
sparing of OARs. In their study, all patients required one 
replan, and the median trigger point was the 16th fraction. At 
the time of the first replanning, the bilateral parotid volumes 
and the CTV had shrunk by 16% and 5%, respectively. Eight 
patients required two replans with the median trigger points 
at the 11th and 22nd fractions, respectively. At the time of 
the second replanning, the bilateral parotid volumes and the 
CTV had a respective decrease of 24% and 14%. Jensen 
et al. [31] also implemented an adaptive strategy for HN 
cancers. Plan modification would be performed if unsatisfac- 
tory target volume and OAR position (deviation >1 cm) was 
noted in at least three specific CT slices (base of skull, C3 
and supraclavicular fossa) during weekly treatment verifica- 
tion. In their study, 15 out of 72 patients required plan modi- 
fication during the treatment course, and the number of 
replans ranged from 1-3. However, the exact time for replan- 
ning was not reported. Zhao et al. [32] conducted an ART 
study on 33 NPC cases. The rescanning and replanning pro- 
cesses were applied to these patients when significant ana- 
tomic changes were noticed by inspection, palpation and/or 
direct endoscopy during the radiotherapy course. The adap- 
tive procedure was triggered after an average of 15 fractions. 
In particular, nine patients required a third CT scan and a 
second replan after another 12 fractions. Patient-specific ART 
provides a customized way to address a patient's anatomic 
changes, and in turn dose deviation, during the treatment 
course. Nevertheless, this approach heavily depends on clinical 
judgment of the 'significant change', which can be vary 
between different centers and even between different oncolo- 
gists. Also, continuous monitoring of the organ and dose 
changes during the treatment course is required. From a prac- 
tical viewpoint, advance technologies like in-room CT 
machines for fast image acquisition and deformable image 
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registration software for automatic contouring [33-35] are pre- 
requisite for facilitating the process. Moreover, the frequency 
and timing of plan modification is unpredictable, and therefore 
allocation of manpower has to be considered for actual imple- 
mentation. All these factors could tremendously increase de- 
partmental burdens. In contrast, the present study demonstrates 
a simpler approach to ART implementation. By recognizing 
the trends for different organ changes in advance, the proposed 
replanning schedule can be applied in all centers for NPC 
cases, knowing that problematic anatomical changes will be 
adequately corrected for without daily image guidance. 

This study suggested that the initial GTV could be a 
helpful pretreatment predictor, because large gross tumors 
tend to shrink more slowly over time. Fang et al. [36] demon- 
strated that the initial primary tumor volume is negatively 
correlated to its regression rate, with the correlation coeffi- 
cient highly consistent with the current study (-0.402 
vs- 0.4522, respectively). They suggested that the persist- 
ence of a large tumor volume during or after radiotherapy 
may be due to the fact that dead cell clearance in large 
tumors after irradiation is less efficient than that in small 
tumors. This study showed that the initial parotid volume 
was not significantly correlated with its percentage loss. 
However, additional work demonstrated its predictive value 
for absolute volume loss (correlation coefficient = 0.777; 

0.001). Apparently a larger initial parotid volume leads 
to a greater absolute loss by treatment completion. These 
results are in agreement with the findings reported by Broggi 
et al. [37], who conducted a multivariate analysis to define 
the possible predictors of parotid shrinkage during HN radio- 
therapy. They showed the initial parotid volume at treatment 
end is correlated with its absolute change but not its percent- 
age change. These pretreatment predictors can be employed 
for the refinement of ART strategy in the future. A less rigor- 
ous replanning strategy may be used for tumors exceeding a 
certain volume, as they would have smaller volume loss and 
in turn smaller dose variation throughout the treatment course. 
Similarly, more plan modifications within the treatment 
course may be needed for parotid glands larger than a certain 
volume, in order to overcome the frequent dose changes due 
to rapid shrinkage. These predictors can assist in identifying 
patients with a high risk of significant anatomic and in turn 
dosimetric deviation during the treatment course. The pro- 
posed adaptive strategy may therefore be refined for specific 
groups of patients. 

Although the image quality of the MVCT is inferior to 
standard kilovoltage CT (kVCT), the superb contrast 
between the tissue/air and the tissue/bone allows accurate de- 
lineation of the posterolateral wall of nasopharynx and the 
vertebral canal. These structures were used as the surrogates 
for monitoring the anatomic changes in the primary gross 
tumor and the spinal cord, respectively, in this study. Techni- 
ques for improving the contrast resolution in MVCT images 
are rapidly evolving, and precise target delineation in these 



images will be soon achieved. In this study, the consequent 
dosimetric outcomes at the proposed replanning fractions are 
not estimated. In view of the close proximity between target 
and OARs, the sharp dose gradient at their boundaries in 
IMRT treatment increases the treatment sensitivity to their 
anatomic changes. It is therefore believed that significant 
changes in their size and location at these fractions would 
cause corresponding important dose deviation such that 
replans should be proposed. Nevertheless, the dosimetric 
impact of spinal displacement may be smaller compared with 
other monitored parameters. Ongoing study will be focused 
on tracking the volumetric as well as the dosimetric changes 
of the actual targets and other critical organs during treat- 
ment. Updated results will be presented in the near future. In 
the current study, the mean parotid displacement towards the 
superior aspect is smaller than the slice thickness for MVCT 
sets (2 mm vs 6 mm), which may introduce a loss of result 
reliability. Nonetheless, the shifting trend is clearly visible in 
the MVCT images, and with reference to the findings of 
other papers, our result seems reasonable. Further confirm- 
ation can be conducted with MVCTs of finer slice thickness. 

CONCLUSION 

By analyzing the characteristic trends in anatomic changes in 
NPC cases, this study developed a pragmatic ART strategy 
specifically for this disease. Three replans at 9th, 19th and 
29th treatment fractions were proposed, which could effect- 
ively accommodate the anatomical deviation throughout the 
treatment course. This prevents potential OAR dosimetric 
consequences and also allows safe target dose escalation. 
The proposed ART strategy is practically feasible with an ac- 
ceptable increase in departmental workload and overheads. 
The proposed strategy is believed to offer a benefit in the 
current clinical setting, and should be promoted, especi- 
ally in centers where an adaptive planning system is not yet 
available. 
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